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ABSTRACT

Advance in nanotechnology has made a good understanding of high frequency phonon
dominant, nanometer scale thermal transport a necessity. To study nanometer-scale thermal
transport in three dimensions, three-dimensional nanostructured materials are needed. In this
work, fabrication of sub 100 nanometer periodic dielectric three-dimensional structures and
epitaxial nanostructures are discussed.

Using self-assembly of colloidal silica particles as a template, various dielectrics of
interest were filled to create nanostructured dielectric materials. First, sub-100 nanometer silica
nanoparticles were synthesized and used to assemble a colloidal crystal template, opals. Static
silicon chemical vapor deposition filled the above templates with amorphous silicon and thermal
annealing converted the amorphous silicon to polycrystalline silicon with an average grain size
of 10 nanometers. Subsequent etching with dilute ethanolic hydrofluoric acid yielded periodic
three-dimensional polycrystalline silicon nanostructures with characteristic skeleton size of
around 20 nanometers. Using a similar colloidal crystal template made of 400 nanometer sized
silica nanoparticles, cuprous oxide film was epitaxially grown into the template using
electrodeposition.

These three-dimensional, sub-100 nanometer silicon nanostructures and three-
dimensional epitaxial cuprous oxide nanostructures are similar to the length scale of the mean
free path of the phonons. The nanostructures fabricated in this thesis provide fabrication tools to

prepare samples which can be used to investigate the nanoscale phonon transport.
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CHAPTER 1
INTRODUCTION
1.1. Nanoscale Materials and Thermal Conductivity

Thermal management is crucial in numerous fields of engineering systems. For example,
in micro- and nano-scale electronic devices, the efficient dissipation of heat is important since
large concentrations of heat affect device properties and operation. With recent advances in the
processing of dielectric materials such as silicon and devices in the nanometer scale, there is a
growing need for a better understanding of thermal transport at the nanoscale [1].

Phonons, the quanta of lattice energy vibration, are the main energy carriers of heat
within dielectric materials, whereas in metals, electrons carry most of the heat. Across the
phonon spectra, the phonons which are responsible for carrying most of the heat through the
lattice are high frequency phonons, typically on the order of THz [2, 3]. At room temperature, the
mean free path of phonons responsible for thermal transport is around tens of nanometers for
defect-free bulk crystals, and polycrystalline materials with defects can have phonon mean free
paths much less than 10 nm.

As scientists access regimes where the materials are smaller than or comparable to the
mean free path of the phonons using new fabrication tools, thermal properties unseen in the bulk
materials have been reported. For example, until recently, the minimum thermal conductivity (A),
which is defined traditionally by Fourier’s Law of Heat Conduction as the rate of heat flow
through a material in a temperature gradient, was believed to be set by the “amorphous limit”
which describes the heat transport as a random walk of vibrational energy between the
neighboring atoms [4]. Contrary to the knowledge, recent research showed that the nanoscale

superlattice materials (Figure 1.1A) can have a lower thermal conductivity than the traditionally
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believed “amorphous limit” (Figure 1.1B) [5, 6]. In other research works, scientists have

utilized nanostructures to increase the phonon-boundary scattering mechanism (Figure 1.2) and
reduce the thermal conductivity of materials and applied the structures towards high figure-of-
merit thermoelectric materials [7 — 11]. As nanostructured materials reach the length scale of
phonon mean free paths, traditional thermal transport approaches such as the Fourier’s Law of

heat conduction breakdown while giving rise to interesting thermal transport properties [2].

1.2 Phonon Coherence and Periodic Nanostructures for Phononic Crystal

Phonons, which have wide range of frequency from sound waves (Hz) to high frequency
thermal phonons (THz), can interact coherently when the coherence length scales are larger than
the size of the structure. Such coherent phonon interaction in a periodic manner can lead to a
modified phonon dispersion relation and can open up a phononic band gap, similar to that of
photons in semiconductors, in the material. Such phenomenon has been predicted theoretically
for low frequency phonons, acoustic sound waves, in periodic structures and have been
experimentally verified [12,13].

For high frequency phonons, which is responsible for most of the heat transfer, of bulk
crystals, incoherent phonon-phonon umklapp scattering dominates at room temperature. But, by
using periodic nanoscale structures such as the dielectric superlattice or periodic porous
nanostructured dielectrics such as silicon, some of the high frequency phonon’s coherence length
can be longer or comparable to the size of the material and coherent heat conduction may be
possible. A theoretical investigation using molecular dynamics calculations showed that periodic
nanoporous two dimensional silicon structure with a pore sizes less than 1 nm open a phononic

band gap and reduce thermal conductivity of crystalline nanostructure to that of amorphous
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structure [14]. In another theoretical study by molecular dynamics [15], the authors report a
phononic band gap at frequencies greater than 12 THz in a silicon three-dimensional (3D)
structure which is made of periodic arrangements of atomic sized silicon isotope cubes. These
studies hint at the possibility of coherent phonon scattering for high frequency phonons with the
use of periodic nanostructures.

Recently, there are also some experimental reports of partially coherent heat conduction
using periodic nanostructures [16 - 19]. Yang et al. used a two dimensional holey silicon, on
which the sub 100 nm holes were periodically arranged on the silicon sheet and demonstrated a
partially coherent heat conduction behavior at low temperatures below 50 Kelvin [16]. A similar
study using smaller holes on a two dimensional silicon sheet reported likewise [17]. Luckyanova
et al [18] have demonstrated using a 12 nm GaAs and 12 nm AlAs superlattice structure that heat
conduction below 150 Kelvin behaves in a coherent manner. Most recently, Braun et al [19] have
shown partially coherent phonon behavior at low temperature in a 3D polycrystalline silicon
inverse opal nanostructure (Figure 1.3) with periodicity as small as 400 nm and material
thickness of 50 nm.

Periodic nanostructures can demonstrate partially coherent heat conduction at low
temperature, but theoretical studies suggest [14,15] such phenomenon can occur at higher
temperatures if the periodicity of nanostructures become smaller. To experimentally observe the
effects of sub-100 nm nanostructures on partially or fully coherent phonon scattering at higher
temperatures, such structures need to be fabricated. This work aims to achieve this goal by
describing the fabrication of 3D dielectric inverse opal nanostructure with a periodicity smaller

than 100 nm and shell thicknesses on the order of few tens of nanometers.



1.3 Figures

5 ™
A B ;
1 5
ffié
single crystal L 3
X XX XX rrr Irr I ;
G W P W GV W GV G v G < 1
N N N X X X X K I/ ’; i ]
NN TR IPEY PRI TF IR AT N ) z | ]
COPVIPOIPDVIDWIWBDWIY z
PUP e vP YW WYY ese - %
= m::‘l’__.————:
° a
909000060000 g & |
WY VY VYV VYV Ve B Fap R
000000006000
£ 01 e —
= - ]
GBIV o BV D 3D D B B D B ey <1501
OPGOYID 9@ P O LN o SN o N = SNl I. g E3 0 T
D o o b T 1 en
'24nm'{‘f ;i ) 62 nm
o
0.02 .'1
50 100 500

Temperature (K)

Figure 1.1 A) Schematic of WSe, crystal studied by Chiritescu et al. B) Thermal conductivity
data reported by Chiritescu et al. on the cross-plane of the WSe, structure. Chiritescu et al.
reported thermal conductivity lower than the amorphous limit [6].
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Figure 1.2 Schematic showing how phonons can be scattered within a material. In the presence
of defects such as nanoparticles, grain boundary or material boundary, and atomic defects, the
phonons can be scattered. Such scattering has found use in lowering the thermal conductivity of
the material and has led to a development of more efficient, high figure-of-merit thermoelectric
materials [7].



Figure 1.3 Example of an inverse opal structure. Colloidal nanoparticles are stacked in an FCC
manner as an opal structure. Dielectric material, in this case Si, is filled into the pores of the
structure and the colloidal nanoparticle stacks, opal, are removed via appropriate processing. The
remaining structure is the “inverse opal” structure (B). Images were taken from [19].



CHAPTER 2
SUB 100 NANOMETER 3D POLYSILICON INVERSE OPAL NANOSTRUCTURES

2.1 Introduction

Silicon materials are of great interest because of their wide use in electronics and of their
well-known fabrication techniques down to the tens of nanometer scale [20]. Silicon materials
are widely used to make circuitry, novel 3D multilayer electronics [21], and MEMS
(microelectromechanical systems) [22]. These devices are reaching the nanometer scale and a
better understanding of the phonon/thermal conduction is needed. Traditionally, Holland’s model,
which is an approximate analytical solution derived from numerous fitting parameters were used
to understand the phonon conduction in silicon [23]. But, as previously mentioned, nanoscale
materials can modify the phonon dispersion relation and possible band gap opening can occur.
The incongruence of the dispersion with that of the bulk material conditions, from which the
model is derived, invalidates the many pre-existing analytical models and necessitates new
models for nanoscale silicon materials.

Thus far, thermal studies of 1D, 2D, and 3D nanostructured silicon materials have been
reported [8-9, 14-17, 19]. Braun et al.’s report [19] particularly draws much interest because
most everyday materials are three-dimensional in nature. In this report, the authors utilized the
established technique of self-assembly of colloidal particles [24 - 26] to form 3D periodic
structures for photonics and used the structures for the thermal study. The structures had shell
thickness of ~ 50 nm and were periodically arranged every 400 nm, but the periodicity is still
quite large compared to the few tens of nanometers or less used in other reports. The work in this
chapter aims to expand the Braun et al’s work [19] by using colloidal particles smaller than 100

nm and fabricating sub 100 nm 3D silicon nanostructures.
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2.2 Fabrication
2.2.1 Synthesis of Silica Nanoparticles

Silicon dioxide (SiO,), silica, spherical nanoparticles of 80 nm and 40 nm were
synthesized using adopted procedures from published procedures by Stéber [27] and Zhao [29].
Glassware was either new or thoroughly cleaned with detergent and a base bath. The glassware
was rinsed with deionized water and kept dry in an oven at 60 to 70 "C.

Modified Stober method [27,29] was utilized to prepare silica nanoparticles of 80 nm in
size. To a 200 mL round bottom flask, 2.09 g Millipore water (18.2 MQ resistivity), 3.70 g
ammonium hydroxide solution (28 — 30 % NH3, BDH Avristar Lot#201030472), and 100.0 g of
200 proof ethanol were added and stirred at 700 rpm for 5 minutes. After 5 minutes of mixing,
455 g of tetraethyl orthosilicate (TEOS, Sigma-Aldrich Lot BHBV4940) was added to the
mixture. The flask was capped and the contents were stirred for 24 hours to allow the reaction to
occur. After 24 hours of reaction, roughly spherical SiO, nanoparticle seeds of approximately 40
nm formed (Figure 2.1). To enhance the roundness of the particles by growing the seeds slightly,
seeded growth of SiO, was performed by adding one-third of the initial reactant amounts every
24 hours. Generally after 5 seeded growth, the size of the silica nanoparticles increased to 80 nm
+ 10 nm.

Once the target size was reached, the mixture was transferred to 50 mL centrifuge tubes.
The mixture was centrifuged at 10000 rpm for 15 minutes and the resulting supernatant was
slowly poured out as waste. Afterwards, the settled particles were re-dispersed in 30 mL of
ethanol via sonication for further centrifugation. The above process was generally repeated 5

times and the solution was dried on the hot plate overnight to obtain nanoparticles. In order to



avoid cracking of the opal structure during high temperature postprocessing [30], the particles
(Figure 2.2) were heat treated at 600°C for 10 hours prior to storing in a clean vial.

Silica nanoparticles of 40 nm were prepared via reverse micro-emulsion method [28].
To a 500 mL round bottom flask, 44.43 g of Triton X-100 (Fluka, Lot 1209067), 146.20 g
cyclohexane (Sigma-Aldrich, >99%, Spec grade, Batch#11966BE), and 32.34 g 1-hexanol
(Acros, 98% pure, Lot A0308579) were added and stirred for 30 minutes at 800 rpm. Once the
mixture was mixed thoroughly, 10.01 g of Millipore water was added and stirred for additional 5
minutes. Afterwards, 1.27 g of ammonium hydroxide solution (28 — 30% NH3) was added and
stirred for 5 minutes. Finally, 2.29 g of TEOS was added to the mixture. The mixture was capped
and left stirred for 24 hours. After 24 hours, the nanoparticles could be obtained. 200 mL of
ethanol was added to the mixture after the stirring was stopped. Within 1 hour of the addition of
ethanol, ethanol and the oil mixture phase-separated and the silica nanoparticles settled to the
bottom along with ethanol. Using a Pasteur pipette, precipitated silica nanoparticles of
approximately 30 to 40 nm were transferred to 50 mL centrifuge tubes.

Immediately after the transfer, silica nanoparticles were surrounded by large amounts of
surfactant, Triton X-100, used in the reaction (Figure 2.3) and needed to be cleaned. The colloid
mixture was first centrifuged at 10000 rpm for 30 minutes and the resulting supernatant was
removed as waste. The particles were re-dispersed in ethanol via sonication and dialysis was
performed to remove the surfactant. In the first dialysis, the colloid solution was dialyzed against
ethanol for 24 hours. Afterwards, the mixture was dialyzed against 1 L Millipore water bath and
the water was exchanged daily for 3 weeks. After the dialysis, the colloid mixture was dried in

60 — 70 "C oven overnight prior to the calcination of the nanoparticles at 600 'C for 10 hours to



remove the remaining organic residue (Figure 2.4). After the calcination, the nanoparticles were

stored in glass vial for further use.

2.2.2. Silicon Inverse Opal

Using the synthesized silica nanoparticles above, colloidal crystal film was self-
assembled into an opal structure on a single side polished Si (100) wafer. The silicon wafer was
cut into 1 cm by 3 c¢cm size and cleaned using a Piranha solution (3:1 H,SO4:H,0;) and rinsed
with Millipore water. After the rinse, each substrate was placed at a 30" angle in a 20 mL
scintillation vial containing a colloidal solution of 5 mg of particles in 0.8 g of ethanol using a
modified vertical deposition method [31] (Figure 2.5). The vials were left in an incubator (Fisher,
Isotemp 125D) at 37.0 "C until all the solvent had evaporated.

After the silica particles self-assembled into an opal structure templates (Figure 2.6A,
2.7A), the opal templates were deposited with silicon. The templates were only completely
filled with amorphous silicon when using a custom-built static chemical vapor deposition (CVD)
system with disilane (SioHs, Gelest, 98%). Growth via commercial low-pressure chemical vapor
deposition (LPCVD) system (Firstnano Easy Tube LPCVD, 200 mTorr, ~560 "C) was attempted,
but silicon deposited on the top of the opal structure and failed to infiltrate the pores (Figure 2.8).
When static CVD growth conditions of base pressure of ~6.0E-5 mbar, disilane pressure of 50
mbar [B6], 8 'C per minute heating rate to 350 'C, and a dwelling time of 3 hours at 350 ‘C were
used, silicon deposited inside the pores of the opal structure (Figures 2.6B, 2.7B).

Once removed from the CVD reactor, silicon-opal samples were placed on top of
alumina crucible, were inserted into a quartz tube, and were annealed at 1000 "C for 10 hours

under forming gas environment (95% Ar, 5% H,). Post-annealed silicon structure underwent
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reactive ion etching (3 min, 50 mTorr, 70 W, 19 sccm SFg and O, each) to open a small window
on top of the structure defined by Kapton film to expose the opal structure (Figure 2.6C, 2.7C).
The exposed structure was submerged in 5% hydrofluoric acid solution (85% water, 10% ethanol,
5% HF) for 75 minutes to completely etch the silica nanoparticles away without damaging the

silicon inverse opal structure. (Figure 2.6D, 2.7D)

2.3 Characterization of Silicon Inverse Opal

The 80 nm and 40 nm silicon inverse opal material properties were characterized by x-
ray diffraction (XRD) and transmission electron microscopy (TEM). Due to the fragile nature of
the nanostructure, XRD and TEM analysis were performed prior to the HF etching. For the XRD
analysis (Panalytical / Philips X’Pert MRD System, Cu K-alpha, 0.15418 nm), glancing angle
method which utilizes an incoming x-ray beam of 1" relative to the surface of the sample was
used due to the low amounts silicon present in the thin porous structure to enhance the signal.
XRD analysis revealed the amorphous silicon recrystallized to polycrystalline silicon after
annealing at 1000 "C (Figure 2.9). Grain sizes in the polysilicon inverse opal were analyzed using
the Scherrer equation:

t=KA/Bcos® (1)

where 71 is the grain size, K is a shape factor, A is wavelength of the x-ray,  is line broadening at
half the maximum intensity, and 0 is the Bragg angle. The analysis revealed average silicon grain
sizes, found by averaging the three grain sizes from the three silicon orientation peaks, for both
80 nm and 40 nm to be around 9 nm (Figure 2.9).

To confirm the analysis of the data obtained glancing angle XRD, cross-sectional high

resolution TEM (Figure 2.10) was employed as an additional analytical tool. TEM sample was
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prepared by grinding the sample and ion milling. Selected area electron diffraction on the inverse
opal structure confirmed the polycrystalline nature of the silicon inverse opal and high resolution

TEM showed typical silicon crystal domain sizes to be on the order of the size analyzed by XRD.

2.4 Future Directions/ Thermal Conductivity Measurement

Using the silicon inverse opal structure, accurate thermal transport study should be
performed in the future. There are two primary methods which thermal transport can be studied
by measuring thermal conductivity: 3-omega method [32] and time-domain thermoreflectance
(TDTR) [33]. 3-omega method utilizes a metal heater on top of the structure where an AC
current at frequency omega is used to generate a heat flow at 2 which gives the resistance
change in the heater due to the temperature fluctuation. By measuring the voltage at 3w, the
temperature fluctuation is extracted at 2o using the information from the input AC current to
derive the thermal property of the sample. TDTR is a pump-probe laser method which measures
the thermal property based on the change in reflectivity of the surface, usually a metal transducer
layer with known optical property, which arises from the temperature dependence of the optical
constants. Utilizing either of the two techniques, accurate thermal transport study on the
nanostructure is needed.

A few attempts to study the thermal transport on the structure have been made, but to no
avail. TDTR can measure at picosecond intervals and attempts at TDTR were made first.
Conventional TDTR measurement by simple aluminum metal deposition on top of the opal
structure proved to be difficult due to the roughness on top of the surface (Figure 2.11). Low
magnitudes of the signal around 10 uV compared to the typical 150 pV in flat silicon substrates

were recorded when the measurements could be made, which decreased the signal-to-noise ratio
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greatly. Since signal-to-noise ratio could be improved using a flatter surface, attempts to
measure from the backside of the structure was made by flipping the structure using a schematic
outlined in Figure 2.12. However, too much damage on the structure occurred during the
process (Figure 2.13); thus, 3-omega is the preferred method of measurement and should be
pursued in the future.

Several attempts were made to prepare the 3-omega measurement sample by bonding the
gold wire to the deposited metal heater on top of the silicon inverse structure. However, the
fragility of the structure and a poor adhesion between the silicon substrate and the inverse opal
structure, which may have occurred during the HF etching process, caused problems with the
preparation of the 3-omega sample. It has been unsuccessful thus far because the wire bonding
process applies a large amount of drag force on the structure. To resolve the problem of
interfacial adhesion between the substrate and the inverse opal, pre-depositing silicon before the
opal growth may protect the delamination of interface during the HF etch. Also performing HF
etch prior to the opal assembly may help the adhesion because hydrogen terminated surface will
be exposed up and stable for hours [34] after the removal of the native oxide layer with HF and
such areas could potentially serve as strong silicon — silicon bonding points that resist the HF
opal removal step. With this, preparation of 3-omega samples could be improved for the study of
thermal transport.

Another interesting project which could utilize the above structure could be to research
into the use of a thermoelectric device. One and two dimensional silicon nanostructures have
been widely studied as a potential thermoelectric material [8, 9, 16]. Thermoelectric device is
better in three dimensions because the current is collected in the plane perpendicular to the plane

of thermal gradient, so improved devices can be made. Furthermore, doping of silicon is a well-
13



known processing technique in the semiconductor industry. Different levels of doping can be

investigated and can be compared against reported theoretical calculations [35].

2.5 Conclusion and Final Remarks

Using self-assembly of sub-100 nm silica nanoparticles, sub-100 nm polysilicon inverse
opals were successfully fabricated. Attempts to study the thermal transport utilizing TDTR had
problems and 3-omega should be used to study the thermal transport of the structure in the future

with modifications to strengthen the structure.
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2.6 Figures

10.0kV 6.2mm x130k SE(U)

Figure 2.1. Scanning electron microscopy (SEM) image of initially formed SiO, nanoparticle
seeds after 24 hours of reaction.

Figure 2.2. SEM Image of SiO; nanoparticles after seeded growth.
15



10.0kV 10.3mm x180k SE(M)

Figure 2.3. SEM image of SiO, nanoparticles prepared via reverse microemulsion method prior
to cleaning of the particles. Between the particles, surfactants are present.

10.0kV 5.5mm x1 00k SE(M) 4/4{2012

Figure 2.4. SEM image of SiO, nanoparticles prepared via reverse microemulsion method after
dialysis. The surfactants which used to be present in between the particles are no longer present.

16



Figure 2.5. Schematic of opal structure assembly from colloidal particles. The substrate is
submerged in a colloidal solution and as the solvent evaporates, the colloidal particles self-

assemble on top of the substrate. Figure was taken form [26].
A II

Opal Template SiCVD
| I I

Si Inverse Structure Anneal/RIE
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Figure 2.6. Silicon inverse opal fabrication schematic [19]. A) SiO, opal structure is self-
assembled from colloidal suspension. B) Static silicon CVD is performed. C) Top portion of the
structure is exposed via reactive ion etching. D) Using dilute HF solution, silica particles are
etched away. Silicon inverse structure remains on the substrate.
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Silicon wafer

15.0kV 12.4mm x60.0k SE(V) 6/13/2012 12:27 500nm

10.0kV 5.8mm x30.0k SE(M) 5/1/2013 1.00um

200nm

15.0kV 5.6mm x200k SE(U)

Figure 2.7. SEM images illustrating Figure 2.6. A) Cross-sectional view of the opal template
after the colloidal self-assembly. B) Cross-sectional view of silicon deposition into the opal
structure. C) Top view of the structure after opening a window with reactive ion etching and
dilute HF etch. D) Cross-sectional view of the silicon inverse opal structure.

Silicon
substrate

=

" X P St i
[

L I I I

D2P35 15.0kV 4.8mm x60.0k SE(U) 7/26/2012 17:16 500nm 15.0kV 12.5mm x70.1k SE(V) 6/13/2012 12:30 500nm

Figure 2.8. SEM image of silicon deposition into 80 nm SiO; particle opal structure. Amorphous
silicon is deposited using LPCVD (Left) and static CVD (Right). LPCVD shows some void
space near the opal silicon substrate interface (top of the left image) while the static CVD does
not (top of the right image).
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Figure 2.9. Typical x-ray diffraction (XRD) profile of the 40 nm or the 80 nm silicon inverse
opal (TOP). Peaks of silicon show the polycrystalline nature of the structure. Grain size analysis
was performed on the XRD profile using Scherrer equation and average grain size were obtained
by averaging the grain sizes of 3 orientations for 4 different samples made at each size.
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Figure 2.10. High Resolution TEM image of the silicon inverse opal with the silica particles
remaining intact. Large spherical shapes are the SiO, nanoparticles. Yellow circles show two
different orientations of the lattice orientation of silicon in the opal structure. The rough grain
sizes of each orientation are on the order of the size shown by XRD. The inset, selected area
electron diffraction pattern, confirms the polycrystalline nature of the silicon in the opal structure.

20



Figure 2.11 Aluminum transducer layer was sputtered on top of the silicon inverse opal structure.
Compared to the flat silicon substrate area near the tweezer, the silicon inverse opal region shows
a dull color and was unable to reflect the light well.

-

Figure 2.12 Schematic of the flipping procedure (developed by labmate H. Ning) to attempt
TDTR from backside of the structure. In the first step silicon inverse opals were fabricated on a
substrate with a 1 micron SiO, layer. SU-8 photoresist was spin coated using 1000rpm for 5
seconds and 2000 rpm for 40 seconds. SU-8 was pre-baked at 110°C before using a Karl Suss
Mask Aligner to pattern via lithography. The photoresist was developed and hard baked at 125°C.
Using 12:6:1 HNO3:HF:H,0 etch for 2 minutes, the structure was etched in the un-patterned area.
Using a sapphire substrate on polydimethysiloxane the structure was attached to the photoresist
using Norland Optical 61 by curing for 5 minutes with UV light. Aftewards, the 1 micron SiO;
layer was etched with the nanoparticles to detach the substrate.

21
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5.0kV 5.3mm x1.50k 2/18/2013

Figure 2.13 SEM images (TOP 2) and a microscope image (bottom) showing the top surface of
the flipped silicon inverse opal using the procedure outlined in Figure 2.12. Because of the thin
silicon structure at the bottom, the surface is rough due to the silicon etching and no useful area
which the TDTR laser with a beam size of 1/e” radii of 8 pm can hit on the smooth area can be

found.
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CHAPTER 3
ELECTRODEPOSITION OF EPITAXIAL CUPROUS OXIDE INVERSE OPAL STRUCTURE

3.1 Introduction

Polycrystalline sub 100 nm silicon inverse opals fabricated in Chapter 2 can provide
interesting structures to study nanoscale phonon conduction, but it still do not present with the
ideal structure for thermal studies. The primary drawback of the silicon inverse structure resides
with the polycrystalline nature of the material as the grain boundaries within the structure
provide sites for the phonon — grain boundary scattering. These grains cannot be controlled in a
periodic manner, so single-crystal or epitaxial nanostructured material would be better for
nanoscale thermal study. A second drawback is that the CVD grown silicon may have
significant hydrogen doping and thus a high concentration of point defects.

The growth of single-crystal or epitaxial materials are generally done using
crystallization from a melt, e.g. the Czochralski process, or using chemical vapor deposition
(CVD) [36-39], but it can also be done electrochemically[40-43]. Electrodeposition offers
advantages compared to CVD based methods. Certain CVD based methods tend to have terrible
infilling of the 3D opal template and deposit only on the top few layers of the opal. Braun and
Wiltzius have shown electrodeposition circumvents incomplete filling problem and completely
deposits within the pores of the opal [44]. Electrodeposition also tends to have a more rapid
deposition rates than vapor based methods. In this chapter, efforts were made to combine the two

approaches and fabricate epitaxial dielectric inverse opal nanostructures.

3.2 Cuprous Oxide
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Of the limited choices of materials that can be electrodeposited epitaxially, cuprous
oxide (Cu,0O) was chosen as the material of choice. Cuprous oxide is a semiconducting material
with a band gap of 2.1 eV and is easily processed via thermal oxidation of copper for mass
production at low cost [45]. Due to its photovoltaic properties, it has a promising application as
solar cell material. Furthermore, Cu,O exhibits a good thermoelectric effect and can be
potentially doped to form efficient thermoelectric device with the figure of merit value of 0.6,
which is a high value compared to the value of 1 -2 found in the world’s best thermoelectric
devices [46]. For its wide applications, Cu,O was chosen as the material of investigation. To

fabricate the structure, methods were adopted from Switzer’s report [47].

3.3 Electrodeposition of Epitaxial Cu,O Inverse Opal

Following the procedures in Switzer’s paper [47], epitaxial Cu,O film was deposited. In
the first step, the deposition electrolyte was prepared. To a 200 mL glass bottle, approximately 75
grams of 85% lactic acid solution (Sigma Aldrich, Lot KMBK2646V) was poured. Afterwards,
Millipore water was poured until the 150 mL mark. The bottle containing the acidic solution was
submerged into an ice bath and approximately 17.5 grams of sodium hydroxide (Fisher Scientific)
was slowly added while the solution was carefully stirred. The solution was left in the ice bath to
cool the heat released from the exothermic reaction of acid and base and returned to room
temperature. 20.0 grams of copper sulfate pentahydrate (CuSO,4-5H,0, Fisher Scientific, Lot
110549) was added prior to adding additional Millipore water until a total volume of 200 mL was
reached to make 0.4 M Cu®* and 3 M lactate ion solution.

A 100 mL portion of the above electrolyte transferred to a three-electrode cell to deposit

Cu,0O film. The electrolyte was placed a custom made cell (Figure 3.1) and the cell was
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submerged into a silicone oil bath to heat the solution to 65 “C. Using a pre-made 1 M NaOH
solution or lactic acid solution, pH was re-adjusted to 9 at 65 C before the deposition. The cell
was capped and sealed with Parafilm to avoid evaporation of the solution. A 1cm by 3 cm p-type
single crystal silicon (100) wafers (WRS Materials, 0.005 — 0.025 Q cm resistivity) which were
treated with 1 minute dip in 5% hydrofluoric acid (HF), 15 minutes dip boiling Millipore water,
and another 5% HF dip for 20 seconds prior to submerging the substrate in the 65 "C electrolyte
for a minute were used as the working electrode. Silicon wafers were treated in the above
manner to etch away the native oxide layer and expose the silicon so that the Cu®" ions are
reduced by the silicon to produce epitaxial Cu,O seeds (Figure 3.2) [47]. Standard calomel
electrode (SCE) was as the reference electrode and a platinum foil was used as the counter
electrode. A potential of -0.45 V against the reference electrode was applied to deposit epitaxial
Cu,0.

The deposited Cu,O films had aligned squares and pyramids covering the surface of the
silicon (Figure 3.3) similar to the images reported by Switzer [47] as shown by the scanning
electron microscopy (SEM). X-ray analysis of the film were performed by taking omega — 2theta
scans and pole figures from (111), (200), (220) directions of Cu,0O were taken on X’pert (Philips
X’pert MRD system). Details of x-ray analysis will be in the next section. After the x-ray
analysis, 400 nm silica opal structures were self-assembled on top of the Cu,O film as described
in Chapter 2 using 1 mL of 3% Stdber silica nanoparticles by weight colloidal suspension in
ethanol. After the opal assembly, the prepared substrate is once again submerged in the
electrolyte at 65 'C and -0.45 V versus SCE is applied for further deposition of Cu,O. SEM
shows that Cu,O is successfully filled inside the opal structure (Figure 3.4). Afterwards, x-ray

analysis of the above is performed again.
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3.4 X-ray Analysis of the Structure

X-ray diffraction (XRD) pattern (Figure 3.5) of the as deposited film suggests the
epitaxial nature of the Cu,O film as reported by Switzer [47]. Aside from the (004) peak of the
silicon wafer used, XRD pattern shows two peaks which correspond to the (002) and the (004)
orientation of the Cu,O. The XRD pattern was checked against copper (Il) oxide (CuO),
another form of copper oxide, XRD database (Figure 3.5), to ensure Cu,O was the material being
deposited rather than CuO. The appearance of the single family of XRD peak implies that the
grains of the film are grown in the (001) direction of the Cu,O crystal and the film is either
strongly textured or epitaxial in nature. To verify the epitaxial nature of the crystal, pole figures
were taken from the (111), and (220) orientation of the Cu,0.

Pole figures (Figures 3.6 -3.7) strongly suggest the epitaxial nature of the Cu,O film. A
pole figure is an x-ray analysis technique in which the planes corresponding to different crystal
orientation are probed by selecting a specific Bragg angle, 0, and then the sample is tilted at a
series of angles, y, in 5 " intervals for this thesis. At each v, the sample is then rotated through the
entire 360 of the azimuthal angle, . When the Bragg condition is met, the peaks will appear. In
the case of a strongly textured film, the pole figures will display a ring at a specific tilt angle
corresponding to the family of peaks when the Bragg condition is met since there is no
orientation in the plane of the crystal. However, in the pole figures there is no ring, but four sharp
points at specific tilt angles, which indicates the presence of in-plane orientation of the film. The
appearances of four sharp symmetric points indicate 4-point symmetry of the crystal in the plane.
Cu,0 is known to have a cubic structure, which supports the fact that the crystal is Cu,O. In the

pole figures taken from the (111) and (220) orientation of the Cu,O, it was found that the
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maximum peak occurred at y = 55 and 45 respectively. Using simple geometry of vectors, the
predicted y values of peaks can be calculated in the following manner:

Cos (y) = (u1 V1 Wy) - (U2 V2 W2) / [va| [[vel]
where (u; v1 W) and (u, v W») are X,y, and z coordinates of vectors v;and v, and the vectors
represent the crystal orientation at which the Bragg angle, 0, was fixed and the crystal orientation
of interest respectively. For the (200) peaks of Cu,0, y = 54.7 and 45 from the (111) and the
(220) orientation respectively, so the pole figures confirmed that Cu,O film grew in the (200)
direction epitaxial as reported by Switzer [47].

After the opal assembly and infilling of the opal, XRD was taken. Thus far, | have tried
to avoid over-deposition of Cu,O by controlling the deposition time. Furthermore, | have utilized
only thick Cu,O films to grow the opal as shown in Figure 3.4 thus far. Consequently, only a
very small change in the XRD pattern was noticed (Figure 3.8) because the amount of the extra
material deposited in the opals were minute amounts relative to the Cu,O present within the film.
The intensity of the silicon peak decreased while the intensity of the Cu,O remained constant,
which could imply that a slight increase of Cu,O film amount was detected via x-ray due to the
increase of the ratio of Cu20 (002) to silicon (004) increased from 10.69 to 13.45. Also, the fact
that the other orientations of Cu,O did not appear during this process could suggest that Cu,O
experienced epitaxial growth inside the opal as suggested by a pole figure from (111) orientation
(Figure 3.9).

Another note that can be on the epitaxial suggestive film that was grown. The full width
half maximum of the Cu,O (002) and the Si (004) from the XRD pattern was compared. Cu,O
films demonstrated a range of values of 0.8" to 2 while the Si (004) had a value of 0.6". This

implied that the Cu,O film had a slight “mosaic spread” where the crystal has a near perfect
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bonding with the substrate rather than the ideal case when the film is epitaxy (Figure 3.10).

Depending on the film sample, the degree of mosaic spread varied.

3.5 Discussion and Future Direction

Using the X-ray analysis, Switzer’s work [47] was successfully replicated and extended
into the growth of an opal. However, the analysis via x-ray is incomplete because the opal layer
was too thin compared to that of the initial film. For a more complete analysis, the initial film of
Cu,0 needs to be much thinner than the opal layer so that the information from the opal structure
may be obtained. From current knowledge, the Cu,O that infiltrated the opal structure is highly
suggestive of epitaxy, but further investigation using a transmission electron microscopy (TEM)
is needed to confirm the epitaxy nature of the structure. To confirm, select area diffraction
pattern on the opal structure as well as high resolution TEM image showing the lattices near the
opal structure are needed. Also, to confirm Switzer’s work, high resolution TEM image is also
needed on the interface of silicon and Cu,O since it has been checked via x-ray analysis only.

Aside from the need to verify the epitaxial nature of the crystal via another method,
Cu,0 structure should be used to study nanoscale thermal transport. Thermal transport could be
studied in 400 nm inverse opal Cu,O structures, but the size of the necks in such structures is on
the order of 100 nanometers, which is too large to see many interesting thermal transport
phenomena such as high frequency phonon band gap. Thus, deposition of Cu,O epitaxially into
the sub 100 nanometer structures is needed. Additionally, a method to create an air void space is
needed. If the silica nanoparticles are left inside the structure, such sites could provide additional
umklapp scattering sites which would affect the thermal transport. Silica can be typically etched

away using a 25 minutes dip in 5% ethanolic HF solution [19], but this procedure is unsuitable
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for Cu,0. As a simple test, Cu,O film was dipped into 5% ethanolic HF solution, but the film
delaminated and dissolved away because dilute HF can etch away oxides including copper
oxides [48]. Alternative silica etching processes without damaging the silica nanoparticles or
alternative opal systems need to be investigated.

However, preliminary investigation with polystyrene system, an alternative opal
structure that can be removed using an organic solvent such as tetrahydrofuran without damaging
the oxide, does not look promising. The oxide is unable to deposit and the energy dispersive x-
ray spectroscopy (EDS) show that carbon junk infills and clogs the opal structure instead (Figure
3.11 and 3.12). Few more attempts must be made to clarify the problem, but a different opal
system other than polystyrene may be necessary for the thermal study.

Lastly, using the above structure, interesting applications into photonic crystals and
thermoelectric can be investigated. Nelson et al. [39] used epitaxial three-dimensional gallium
arsenide (GaAs) opal structure to create an optoelectronic device and epitaxial Cu,O could
provide optoelectronic device with different property from that of GaAs. Cu,O has shown to
have thermoelectric properties as mentioned before, and nanostructured epitaxial Cu,O could

prove to be an ideal material for cheap, efficient thermoelectric device.

3.6 Conclusion

Following Switzer’s recipe on epitaxial Cu,O, Cu,O has been deposited into 400 nm
silica opal structure successfully. Initial x-ray analysis strongly suggest epitaxial nature of the
Cuy0, but further investigation such as TEM and careful designing of the materials for a new x-

ray analysis are needed.
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3.7 Figures
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Figure 3.1 Schematic of the electrodeposition set-up. Three electrode cell is immersed in a
silicone oil bath, which the temperature was controlled by a thermocouple connected to a hot
plate.
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Figure 3.2 Proposed deposition schematic by Switzer [47]. Prior to the deposition, silicon is
etched by HF to remove the native oxide layer and expose the silicon, such as that copper (1)
oxide seeds can be deposited onto the silicon as seeds. Only after this treatment, does the

electrodeposition proceed.
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Figure 3.3 SEM Images of Cu,O deposited onto silicon film. Top view shows an aligned squares
and pyramids on the top image. Cross-sectional view is shown on the bottom image.
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Figure 3.4 Cross-sectional SEM image of successful deposition of Cu,O inside the opal structure
(TOP). The opal structures were grown onto cuprous oxide film deposited onto silicon before
infilling the structure with electrodeposition. Bottom image is the SEM cross-sectional image of

the Cu,O film on which the opal was grown.
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Figure 3.5 Representative omega-2theta XRD scan of the cuprous oxide film is shown. The peak
at 69° corresponds to silicon (004) peak. The top profile is that of the cuprite, Cu,O and the
bottom is the XRD profile of tenorite, CuO. None of the peaks of tenorite match well with that
measured. Meanwhile, the two other peaks correspond to that of (200) and (400) orientation of

Cu,O.

34



Pole figure: 111 Raw

2Theta: 363656
Intensities:
Psi Phi Intensity
Min BED[ 1175 15000
Max | B5O| 2275 ZBB300.000

Dimension: 2D
Projection:  Schmidt
Scale: Rt

Color map:  X'Pert
Contours: 10
Intensity Color
1 B5.423
3 16301.802
5 60313728
7 132131202
10 201002 815 oo
Grid settings
Psi | Phi
First [1] 1]
Last @0 360
Step 30| 60

Figure 3.6 Representative pole figure taken from (111) orientation of the Cu,0 (26 = 36.3656)
on the as grown Cu,0 film from Figure 3.5.
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Figure 3.7 Representative pole figure taken from (220) orientation of the Cu,0 (26 = 61.344") on
the as grown Cu,O film. Pole figure of this was taken from a different sample from that of
Figures 3.5 and 3.6, but a sample showing similar XRD profile with much lower intensity.
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Figure 3.8 XRD profile comparison between that of the as grown film (red, Figure 3.5) and of
the Cu,O inverse opal grown from the same film (blue). Due to the thickness of the sample, no
change was seen. The only change that occurred is the slight decrease in the intensity of the
silicon peak after the growth of the opal. The ratio of Cu,O (002) to Si (004) did increase from

10.69 in red to 13.45 in blue.
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Figure 3.9 A pole figure from the (111) orientation after the opal filling. Same sample as that of
the blue graph in Figure 3.8.
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Ideal epitaxy

Textured Epitaxy

Figure 3.10. Schematic showing an ideal epitaxy case and a textured epitaxy case, the latter of
which has a “mosaic spread.”
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Figure 3.11 Cross-sectional SEM images of Cu,O deposition attempt into 500 nm polystyrene
opal structure grown on top of Cu,O film. The scale bar for the top image corresponds to the
image on the left and the right image is just zoomed in to the rectangular area specified on the
right.
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Figure 3.12 EDS spectra and mapping obtained by scanning the area shown on Figure 3.11
bottom SEM image. Top shows the spectra which show impurities of phosphorus and sodium.
Sodium likely came from the added sodium hydroxide from the electrolyte and the phosphorus is
the dopant used on the silicon. It can be seen that the material on top for the copper oxide film
just above the silicon wafer is not copper material. This unknown material consists of carbon,
oxygen, and phosphorus as shown by the mapping.
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CHAPTER 4
CONCLUSIONS

As engineering devices approach nanometer scale, detailed knowledge of thermal
transport is needed. Sub 100 nanometer, three-dimensional inverse opal structures provide an
ideal structure to conduct multi-dimensional nano-scale thermal transport studies, and this
investigation laid the founding work into creating such structures.

Using synthesized sub 100 nanometer silica nanoparticles, sub 100 nanometer porous
structures can be fabricated via colloidal assembly. For the inverse silicon nanostructure, silicon
was successfully deposited into this sub 100 nanometer periodic silica opal structure using a
static chemical vapor deposition method.

Meanwhile, beginning works into creating eptiaxial Cu,O inverse opal structure was
demonstrated. Cu,O successfully deposited electrochemically into a silica opal structure of much
larger size (400 nm). X-ray analysis strongly suggests epitaxial nature of the cuprous oxide, but
further materials characterization is required. Using parallel structures that are sub-100
nanometers in size, Cu20 could perhaps be deposited in an epitaxial manner.

Despite the successful deposition, optimization of the material is needed. Several
attempts to study the thermal property of nanostructured silicon did not succeed. Altering the
procedure slightly to improve the structural property for thermal measurement is needed.
Furthermore, cuprous oxide presents issues with the silica etching, which can act as umklapp
phonon scattering sites that can affect the nano-thermal study. Additional work is required for the
thermal study, but this research lays out the groundwork for materials processing to fabricate

nanostructures suitable for multi-dimensional thermal study on the nanoscale.
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